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KAVSEC  Project  Engineer:  R.  Weber 

Naval  Ship  Systems  Command 

«J  abstract 

The  results  of  an  experimental  laser  welding  program  directed  toward  establishing 
^he  feasibility  of  laser  welding  in  the  fabrication  of  high  speed  surface  vessels 
are  reported.  Data  are  presented  for  laser  welds  formed  in  l/k  in.  thick  HY-130 
steel.  1/16  in.' thick  HY-130  steel,  1/8  and  l/k  in.  thick  Ti-6Al-4v  titanium  alloy 
ana  5^36  aluminum  alloy.  It  is  shown  that  high  quality  welds  with  properties 
equivalent  to,  or  better  than,  those  of  the  parent  material  can  be  obtained  with 
appropriate  selection  of  welding  parameters.  It  is  concluded  that  further  studies 
are  warranted  to  explore  the  nature  of  high  yield  strength  steel  refinement  during 
laser  welding,  to  examine  the  efiects  of  laser  welding  parameters  on  grain  growth 
in  titanium  alloys  and  to  investigate  the  potential  of  laser  welding  for  heat- 
treatable  aluminum  alloys  requiring  the  utilization  of  filler  material. 
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Laser  Welding  of  Navy  Ship  Construct: on  Materials 


SUMMARY 


An  experimental  investigation  was  conducted  of  laser  welding  of  Navy  ship 
construction  materials.  Bead-on-plate  penetrations  were  formed  in  1/h-in. -thick 
HY-130  steel,  1/ l6-in. -thick  HY-lfiC  steel,  1/8-  and  1/U-in. -thick  Ti-6A1-^V  titanium 
alloy  and  in  l/8-ir . -thick  5^56  aluminum  alloy.  Continuous  carbon-dioxide  laser 
power  levels  to  8  kW  were  used;  welding  speed  was  varied  from  20  to  180  ipm  in  order 
to  establish  appropriate  welding  parameters.  The  bead-on-plate  penetrations  were 
initially  screened  by  visual,  netallographic,  NDT  and  mechanical  tents  and  then  for¬ 
warded  to  NSSC  for  more  detailed  evaluation. 

Demonstration  butt  and  lap  veld  specimens  were  formed  at  a  COp  laser  power 
level  of  5.5  kW  in  the  materials  and  thicknesses  noted  above.  Weld  parameters  for 
these  veins  were  selected' on  the  basis  of  bead-on-plote  evaluations  and  ranged  from 
*30  ipm  in  l/U -in. -thick  material  to  100  ipm  in  l/lo-in. -thick  material.  Demonstra¬ 
tion  weld  specimens  were-:  inspected  visually,  X-rayed  and  then  forwarded  to  NS  PC  for 
final  evaluation.  The  finished  samples,  which  were  5*7  in.  in  sire,  exhibited 
excellent  top  and  bottom  surface  bead  characteristics  and  defect-free  fusion  rones. 

This  program  was  undertaken  under  the  sponsorship  of  the  Naval  Ship  Systems 
Command  under  Contract  NCOO?h-72-C-5585. 
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INTRODUCTION 


At  the  outlet  of  the  experimental  program  described  herein,  carbon -d 5 oxide 
lac  err'  had  been  developed  with  continuous  output  power  levels  in  tlic  multikilowatt 
range  (Refs.  1,  ?).  Deep-penetration  welding,  similar  to  that  achieved  with  elec¬ 
tron  beam  equipment,  had  been  demonstrated  in  a  number  of  represrntat j vc  materials 
(Refs.  3-0) .  Further,  high-speed  laser  welding  of  thin  gage  materials  with  a 
minimum  of  thermal  energy  input  and  distortion  had  been  demonstrated  (Fief.  7).  and 
inspection  had  shown  that  high-quality  laser  welds  could  be  formed  with  excellent 
netallographic  and  mechanical  properties. 


The  encouraging  results  noted  above  together  with  the  versatility  of  the  laser 
indicated  a  promising  potential  for  laser  utilisation  in  shipyard  welding.  It  was 
therefore  proposed  that  laser  welding  experience  be  extended  to  include  materials 
of  interest  for  shipbuilding.  The  proposed  program  received  the  support  of  the 
Naval  Ship  Systems  Command  and  was  initially  directed  toward  generation  of  laser 
welds  in  high  yield  strength  steels.  At  NSSC  request,  the  program  war,  then  broad¬ 
ened  to  include  titanium  and  aluminum  alloys  specified  by  the  Navy  for  potential 
use  in  the  construction  of  high-speed  surface  vessels. 


It  was  the  objective  of  the  pr-gram  described  herein  to  establish  appropriate 


^  ■*"  «>  am  i'  4'^sv  4-b  i-i 

w  u  j.u  j  jlo.  v-u  .w.„  A.  *->  i.  wj.  uii  a 


Is  of  interest  and  to  generate  sample  velds  for 


evaluation  by  the  Navy.  Overall  results  of  the  program  v.’cre  ejected  to  provide 
the  basis  for  an  initial  evaluation  of  the  potential  of  laser  welding  for  ship 
construction. 


EXPERIMENTAL  APPARATUS  AND  PROCEDURE 


Tests  were  conducted  primarily  wltli  a  0  kW,  coa>:ia]  laser  system  developed 
under  a  Corporate -sponsored  program  at  the  United  Aircraft  Research  Laboratories. 
This  system,  shown  in  Pig.  1  and  similar  to  that  described  in  Ref.  1,  utilizes  high 
mass  flow  recirculation  of  laser  gas^s  to  effectively  remove  waste  heat  and  provide 
efficient  high -power  operation. 

The  C  kW,  carbon-dioxide  laser  system  operates  in  a  master-oscillutor ,  power- 
amplifier  (MOPA)  configuration.  A  Coherent  Radiation  Laboratories,  Model  #1(1,  COp 
laser  with  a  Gaussian  output  beam  is  utilized  to  drive  the  amplifier,  which  is 
comprised  of  twelve  discharge  tubes  arranged  electrically  in  parallel  and  optically 
in  series.  High  fidelity  amp] ificat'~n  is  achieved  such  that  the  Gaussian  energy 
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distribution  oi'  the  100  vail  Input  beam  is  reproduced  in  the  (>  kW  maximum  output 
hcam.  The  high  optical  quality  provided  by  tliir.  system  results  in  maximum  focus- 
ability  and  effective  utilization  of  laser  power. 

Limited  tests  were  also  conducted  at  the  3  kW  level  with  a  crone— Venn  laser 
developed  under  N0GC/N0L  Contract  No.  NoOiK'l-YO-C-lX’ly.  This  unit,  descrihed  in 
Kef.  P  and  shown  in  lit',  7,  also  operates  in  the  MOJ’A  configuration  and  utilises  a 
comhination  of  DC  and  K1  power  to  provide  stable  operation  in  a  single  large 
channel.  In  this  unit  the  gar,  flow  and  electric  discharge  arc  coll  incar  while  the 
laser  cavity  is  transverse  to  the  flow  direction.  This  higher-power  laser  system 
had  Veen  slated  for  more  extensive  utilisation  under  the  initial  program  objective, 
which  wras  directed  toward  thicker  materials;  redirection  of  the  program  to  materials 
suitable  for  high-speed  surface  vessel  fabrication,  however,  rendered  primary  use 
cf  the  lower-power  system  more  effective. 


focusing  Optics 


Tiic  amplified  beam  was  focused  by  a  spherical  mirror  positioned  to  provide 
downhand  welding,  as  shown  in  Pig.  3.  Ho  focusing  mirror  was  fabricated  of  coppe: 
which  was  policed  to  provide  a  reflectance  at  10. f  microns  (the  laser  wavelength) 
greater  than  03w.  Water-cooling.  of  the  copper  substrate  was  provided  to  prevent 
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than  (  degrees  in  order  to  minimize  spherical  aberration.  A  30-- in. -local -length 
mirror  was  used  with  the  C  kW  system:  the  effective  f /number  for  an  output  beam 
diameter  of  ?..(  in.  was  11. %  A  70- in, -focal -length  mirror  was  used  with  the 
1.7b -in. -diameter  beam  from  the  higher-power  system  so  that  f/ll.K  focusing  per¬ 
tained  to  this  system  also. 


Gas  Shielding 
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atmospheric  contamination  during  the  welding  process,  provisions,  were  made  for 
shieldiiig  the  welds  from  the  atmosphere.  As  may  Ve  noted  in  lig,  t,  the  gas  shield 
utilizes  both  a  top  surface  trailer  ti  rough  which  the  laser  beam  passes  and  a  sub¬ 
surface  fill j eld.  In  addition  to  preventing  weld  contamination,  the  top  surface 
shield  serves  to  remove  metal  vapor  ions  from  the  laser  beam  path  and  thereby  pre¬ 
vent  optical  breakdown  in  the  region  above  the  workpiece.  Without  such,  provision, 
a  plasma  is  formed  above  the  workpiece;  this  plasma  absorbs  most  of  the  beam  energy 
and  prevents  effective  welding. 


Helium  at  a  flow  rate  of  the  order  of  20  cfh  was  supplied 
mission  region  of  the  shield  to  provide  maximum  suppression  cf 
Argon,  which  is  more  effective  for  shielding  due  to  its  higher 
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placma  formation, 
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wus  supplied  to  the  trailer  and  the  subsurface  at  flow  rates  of  the  order  of  30  cfh. 
Visual,  metallographic  and  limited  chemical  analysis  of  the  fusion  zones  indicated 
that  the  shielding  provisions  were  quite  adequate  for  the  welding  conditions  and 
materials  used.  Further,  energy  considerations  showed  that  plasma  formation  had 
been  suppressed  and  that  essentially  100'/'  beam  energy  transmission  to  the  workpiece 
had  been  effected. 


Material- 

Sample  material  for  the  weld  tests  was  supplied  by  NSSC.  The  material  included 
l/h - in, -thick  HY-130  steel,  1/8-  and  1/h -in. -thick  Ti-bAl-tV  titanium  alloy, 
l/lb-in, -thick  HY-180  steel  and  1/8-in. -thick  'jh'jlj  aluminum  alloy.  A  listing  of 
these  materials  together  with  their  composition  and  properties  if  presented  in 
Table  I. 


Weld  samples-  were  cut  to  3  1/0  x  6  in.  in  size,  heavy  sui'faec  coatings  and 
oxides  were  machined  off  and  one  6-in,  edge  was  milled  square  for  close  butt  weld 
l'itup.  ho  filler  material  was  used  for  any  of  the  joints  formed. 


Test  l’rocedure 

Titanium  alley  earn]  les  were  acid  cleaned  in  a  I’O/  !!N0q,  ID-’  solution  prior 
to  welding,  Aluminum  alloy  samples  were  scraped  immed lately'  prior  to  weld Lug.  Ail 
veld  samples  were  cleaned  with  acetone  immediately  before  joining. 

Test  samjdcs.  were  placed  in  the  welding  fixture  shown  in  Fig.  1  and  aligned 
with  the  boom.  Laser  spot  welds  were  then  made  at  the  ends  of  the  weld  specimens 
to  ’prevent  joint  separation  during  welding  and  to  insure  that  the  joint  was  properly 
aligned  with  the  focused  beam.  Due  to  the  narrow  fusion  zone  effected  at  high 
welding  speeds,  alignment  was  carefully  performed  to  insure  good  joint  properties. 
Finished  butt  veld  samples  were  trimmed  to  approximately,'  5  >:  7  in.  to  remove  the 
laser  spot  welds  at  the  ends,  together  with  the  on-off  portions  of  the  veld  zone 
which  would  normally  be  intercepted  by  run-off  tabs.  Steel  and  aluminum  specimens 
were  delivered  to  NSSC  in  the  "as-welded"  condition.  Titanium  alloy  specimens  were 
stress-relieved  in  vacuum  for  two  hours  at  1000  F  to  remove  thermal  stresses  induced 
during  the  welding  process.  Post-veld  stress  relief  is  standard  practice  t or 
titanium  alloys  and  appears  essential  to  laser  welds  as  well. 
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hoad-on-Flute  Penetrations. 


beud-on-plale  pent  trati one  were  initially  formed  in  the  test  materials  in 
order  to  establish  weld  parameters  as  well  as  to  assess  requirements  for  gar. 
shielding.  Cixty  bead-on-plato  penetrations,  generated  at  power  levels  to  ti  kW, 
were  formed.  Fifty-six  bead-cn-plate  penetrations,  as  noted  in  Table  II,  were  fir- 
warded  to  NSSC  for  evaluation  which  served  as  the  basis  for  selection  of  butt  veld 
parameters  for  demonstration  welds. 

Additional  bead-on-plate  penetrations  were  formed  for  preliminary  evaluat  .en 
at  UaRL.  Typical  are  the  bead-on-plate  result'  for  5^56  aluminum  alloy  shown  :.n 
Fig.  5.  It  is  noted  from  comparison  of  the  cross  sections  shown  that  the  width  of 
the  fusion  rone  decreases  as  welding  speed  is  increased  at  constant  power  lever. 
Variations  in  the  shape  of  the  fusion  cone  are  also  to  be  noted  in  Fig.  5 .  Such 
variations  were  loss  pronounced  for  aluminum  than  for  the  other  test  material r . 
apparently  a  result  of  its  higher  thermal  dilTus.ivity . 

Also  evident  in  Fig.  rj  is  the  existence  of  substantial  porosity  in  the  id  3d 
rone.  In  aluminum  welds  such  porosity  is  most  often  due  to  the  presence  of  hydrogen 
which  may  stem  from  traces  of  water  in  the  weld  region.  These  results  for  all  rninurn, 
together  with  somewhat  similar  experience  with  titanium  and  to  a  lesser  dogret  with 
the  high-y i clh-rtrongth  steels,  indicated  that  more  stringent  pre-wold  cleaning 
procedures  than  these  used  in  the  initial  tests  were  required  and  that  additional 
attention  to  gas -shielding  provisions  was  necessary'. 


Weld  Parameter  Selection 

Evaluation  of  bcad-on-platc  cross  sections  at  NSSC  and  UARI,  by  metal! ogr  iphic , 
visual.  NDT  and  limited  mechanical  tests  resulted  in  the  selection  of  the  following 
conditions  for  out! -weld  fabrication.  A  laser  power  level  of  b.b  kW  was  chosen  with 
welding:  speeds  of  ‘j 0  ipm  in  l/V-in. -thick  material,  100  i pm  in  1/6- in. -thick 
material,  100  ipm  in  1/lf— in, -thick  material  and  lW  ipm  for  a  burn-thru  lap  weld 
in  1/lii-in, -thick  material.  It  is  perhaps  surprising  that  selected  welding  speeds 
did  not  vary  with  the  nature  of  the  material;  this  behavior ,  however,  is  felt  to  be 
coincidental  and  should  net  be  construed  as  a  laser  welding  guideline. 

In  accordance  with  requii ements  for  weld-sample  cleanliness  exceeding  that 
obtained  in  the  bead-on-plate  penetrations,  all  butt  weld  samples  were  surface - 
machined  to  remove  oxides  and  coatings.  Immediately  prior  to  welding,  titanium 
alloy  specimens  were  further  cleaned  in  a  solution  cf  2 Oft  KNO^,  2ft  ID'  acid  solution, 
aluminum  alloy  specimens  were  scraped  and  all  sampO.es  were  cleaned  with  acetone. 
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It  war  found  that  these  added  precautions,  together  with  appropriate  selection  ol‘ 
g,u;  -shicl  Lug  parameters ,  led  to  substantial  improv eiucnt  s  in  weld  rone  cleunlhiess . 
It  war  further  found  that  properly  prepared  butt-weld  .peeLnens  exiiihited  fur. ion 
rone;--  essentially  indistinguishable  from  head-on -plate  pencil utiour. 


'Epical  of  the  remit;;  of  butt-weld  preparation  is  that  represented  by  the 
HV-l'in  specimen  shown  in  crura  recti  on  in  big.  t.  Hie  weld  cr urr  section,  which 
war1  prepared  at  leO  ipm  at  5  kV:,  exhibits  unumal  features  vh Leh  are  a  direct  con¬ 
sequence  cl’  the  unique  characteristics  of  the  laser  welding  process.  Due  to  the 
deep-penetratien  effect,  the  energy  deposition  in  this  thin  material  was  apparently’ 
nearly  uniform  throughout  the  material  depth.  Lateral  heat  conduction  into  the 
base  material  occurs  in  the  central  portion  of  the  material  leading  to  a  restric¬ 
tion  in  the  fused  cone  extent  and  a  "dumuDell-ehaped”  fusion  sene.  Tnis  behavior 
is  attested  by  the  columnar  solidification  grains  along  the  .lines  of  maxL'num  thermal 
gradient  exhibited  in  Fig.  6. 


X-ray  evaluation  of  the  weld  rone,  as  shown  in  Pig.  7,  indicated  no  evidence 
of  porosity.  Tensile  tests  of  portions  of  the  weld  resulted  in  1  ulure  in  tnc  bare 


material  well  outside  the  fusion  and  heat-affected  rones  (Fig 
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noted,  however,  that  the  ultimate  tensile  strength  'measured  in  these  tests  was 
somewhat  lower  than  that  anticipated  for  HT-lbO  mateiial.  This  reduced  strength 
was  apparently  characteristic  of  the  specific  material  supplied  for  the  program. 
Finally,  it  war  found  that  the  welds  could  readily  withstand  guided  face  and  root 
lends  tc  a  radius  equivalent  to  three  times  the  material  thickness. 


Demonstration  Veld  Samples 


HY-130  Ctool 

Final  sample  welds-  delivered  tc  NS  SC  for  evaluation  ar-  li'4’.!  m  Table  Ill 
and  shown  in  Figs,  8-13.  Figure  8  shows  a  butt  weld  in  1/k-in. -thick  HF-130  steel 
fabricated  at  50  ipm  at  a  laser  power  level  of  50  Ipm.  Hie  top  surface  weld  bead 
presents  a  smooth  shiny  appearance.  An  X-ray  of  the  veld  zone,  also  shown  in 
Fig.  5,  shows  that  no  porosity  or  defects  exist  in  the  region. 

Limited  mechanical  tests  of  similar  Iff -130  welds  at  CARL  shewed  u  tensile 
strength  in  the  v'eld  zone  greater  than  that  of  the  parent  material.  Failure  in  the 
test  specimens  occurred  well  outside  the  fusion  and  heat-affected  zones.  Guided 
root  and  face  lend  tests  to  a  radius  equivalent  to  three  times  the  materiel  thick¬ 
ness  wore  successfully  met  by  the  weld  samples.  A  sample  veld  also  withstood  *< 
one-times-thickness  radius  unguided  bend  test  performed  at  NSSC.  In  this  lat-  r 
case  no  evidence  of  failure  was  indicated  in  spite  of  extreme  stress  concentration 
at  the  edge  of  the  weld  which  occurred  during  the  test. 
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Tne  results  In  HY-130  -welds  were  of  sufficient  interest  so  that  more  detailed 
evaluation  was  undertaken  under  Corporate  sponsorship,  as  reported  in  Ref.  8.  In 
these  t'w.ls  it  was  founl  that  the  Charpy  impact  strength  ox'  the  weld  material  was 
h ichor  than  thus  of  the  parent  material,  in  some  cases  by  as  much  as  50*.  /in 
initial  conclusion  that  the  increased  ductility  might  he  due  to  softening  of  the 
material  during  welding  was  obviated  by  hardness  measurements,  which  showed  the 
weld  material  to  be  harder  than  the  base.  Further  study'  of  the  we.hd  material  by 
chemical  and  scanning  electron  microscope  analysis  shaved  that  the  cvrygen  content 
of  the  material  in  the  fusion  zone  had  been  significantly  reduced  (by  as  much  as 
50g)  during  the  laser  welding  process  and  that  the  shape  of  the  inclusions  had  been 
modified .  With  respect"  to  the  batter,  the  stringer-shaped  inclusions  which  were 
oriented  preferentially  in  the  rolling  direction  were  somewhat  spheroiaized  during 
welding.  The  relinement  of  HY-130  steel  during  laser  welding  is  assumed  to  have 
been  instrumental  in  the  increase  in  weld  material  ductility  over  that  of  the 
parent  material.  Tins  is  an  extremely  significant  find  in/;  which  warrants  further 
detailed  investigation  as  applied  to  metals  with  varying  degrees  of  impurities. 

HY-lSO  Steel 

Lap  arid  butt  veld  specimens  in  HY-16  .•  material  are  shown  in  Figs.  9  and  10. 

The  high  welding  sptede  at  which  tne.se  welds  were  made,  l60  ipm  for  the  butt  veld 
in  Fig.  9  and  140  ipm  for  the  lap  weld  in  Fig.  10,  resulted  in  a  smooth,  defeat- 
free  fusion  zone.  In  addition  to  the  X-ray  information  shown  in  Figs,  9  and  10, 
bend  and  tensile  tests  were  performed  on  samples  taken  from  the  trimmed  ends  of  the 
demonstration  welds.  It  was  found  that  the  wolds  were  stronger  than  the  parent 
material  in  tension  and  that  the  welds  could  readily  withstand  a  3 -times -thickness 
radius  bend  test.  While  chemical  analysis  was  not  performed  on  HY-180  specimens, 
the  t^st  results  indicate  that  atmospheric  contamination  was  effectively  prevented 
during  th-3  welding  process. 

Tl-i'Al-'iV 

Titanium  alloy  weld  specimens  are  shewn  in  Figs.  11  and  12.  Weld  beads  ir. 
this  materiel,  exhibited  a  si  iny  metallic  surface  without  any  traces  of  discolora¬ 
tion.  X-ray  evaluation  of  the  welds,  as  shown  in  Figs.  11  and  12,  also  attested 
the  soundness  of  the  welds.  Slight  traces  of  metal  spatter  were  noted  on  the  lower 
surfaces  of  some  welds,  especially  at  lower  welding  speeds;  this  may  be  noted  in 
the  X-ray  photograph  shown  in  Fig.  11. 

Titanium  tensile  test  specimens  taken  from  the  trimmed  ends  of  the  demonstra¬ 
tion  samples  failed  at  tne  edge  of  the  well  fusion  zone  at  a  stress  level  approxi¬ 
mately  equal  to  that  of  the  ultimate  tensile  strength  of  the  base  material.  It  was 
found  that  as -welded  specimens,  e i  expected,  were  quite  brittle,  but  that  standard 
stress  relief  for  £  hours  at  1000  Y  was  sufficient  to  elimlnete  this  brittleness. 
Another  factor  which  was  rioted,  was  the  tendency  for  undercutting  at  the  edge  of  the 
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fusion  '.on'1  in  titanium  welds.  This  tendency  war,  reduced  as  prc-v.'eld  cleaning 
procuhue  were  made  more  stringent  but  beam  further  investigation  relative  to  its 
potential  elTect  on  fatigue  endurance. 

'diSb  Aluminum  Alloy 

'flic  aluminum  alloy  demonstration  weld  is  shown  in  Fig.  13.  The  weld,  formed 
at  a  speed  of  100  ipm,  exhibits  a  smooth,  clean,  uniform  appearance  without  evidence 
of  porosity  or  defects.  As  in  the  case  for  titanium,  some  tendency  for  lower 
surface  spatter  was  found. 

Tensile  test  specimens  obtained  from  the  trimmed  edges  of  the  demonstration 
aluminum  welds  failed  in  the  weld  -/one  at  a  stress  ievel  of  50,000  psi,  essentially 
equal  to  that  of  the  ultimate  tensile  strength  of  the  parent  material.  The  weld 
failure  extended  diagonally'  across  the  weld  from  the  top  corner  of  the  fusion  r.onc 
tc  the  opposite  lower  surface  corner.  The  demonstration  weld  samples  readily 
passed  a  3-times-thicknese  radius  guided  bend  test. 
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On  the  basis  of  the  results  of  the  experimental  laser  welding  program  do  cribed 
herein,  it  is  concluded  that  direct  laser  butt-welding  of  the  high -yield -strength 
steels,  Ti -oAl-UV  titanium  alloy  and  5**56  aluminum  alloy  in  thicknesses  suitable 
for  high-speed  surface  vessel  fabrication  is  a  highly  feasible  process.  It  is 
further  concluded  that  the  laser  welding  process  can  provide  welds  with  properties 
equivalent  tc,  or  better  than,  the  material  in  which  they  are  formed  and  can  be 
generated  at  high  speed  with  a  minimum  of  thermal  energy  input  and  distortion, 
Finally,  it  is  concluded  that  relatively  straightforward  pre-weld  cleaning  tech¬ 
niques  and  gas-shielding  provisions  can  effectively  eliminate  atmospheric  contamin¬ 
ation  in  welds  formed  in  the  subject  materials. 

I  Hither  experimental  investigations  are  desirable  to  advance  the  state  of  the 
art  in  this,  highly  promising  area;  specifically,  it  is  recommended  that: 

].  Laser  welding  tests  be  continued  in  high-yield-strength  soeels  with 

principal  attention  directed  toward  the  process  of  weld  metal  refinement 
during  the  welding  process.  Emphasis  should  be  placed  cn  establishment  of 
conditions  for  attainment  of  maximum  r.onc  refinement  and  anticipated 
iiiaximurr.  improvement  in  weld  none  strength  and  ductility. 

2.  Laser  welding  tests  in  titanium  alloy  be  continued  and  expanded  to  include 
alleys  ether  than  Ti-bAl-bv.  Specific  attention  should  be  directed  toward 
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phase  transformations  and  grain  growth  during  welding  and  their  effects 
on  weld  properties.  Attempts  should  be  made  to  reduce  veld  spatter  and 
to  improve  weld  bead  character! sties.  Mechanical  testing  should  be 
extended  to  include  fatigue  endurance  properties. 

3.  Laser  -welding  tests  in  aluminum  alloys  should  be  continued  and  extended 
to  include  important,  heat -treatable  alloys.  With  respect  to  the  latter, 
utilization  of  preplaced,  or  continuously -added,  filler  material  and  its 
effect  on  weld  properties  should  be  investigated.  Emphasis  should  be 
placed  on  establishment  of  welding  procedures  for  repeatable  generation 
of  high-quality,  nonporous  velds. 
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TABLE  I 


WELD  MATERIAL  CHARACTERISTICS 


5456  Aluminum 


Designation: 

Alcoa  lit  No.  69 2521 

ThicKness: 

1/8  in. 

Composition: 

Si 

&  Fe 

:  0.4c  max 

Cu 

0.10  max 

Mn 

1.0/1.15 

Mg 

4. 7/5. 5 

Cr 

0.05/0.2 

Zn 

O.25  max 

Ti 

0.20  max 

Others : 

Each:  0.0 

Total : 

0.15  max 

Tensile  Strength: 

r). 

AAA 
vw  — 

r  O  OAA 

Yield  Strength: 

U'?. 

1 

0 

0 

CO 

41,900  psi 

Elongation  (2  in.) 

10 

.0  - 

9.0/, 

HY-130  Steel 

Designation: 

Ht  No. 

5P4755 

Thickness: 

1/4  in 

Composition: 

C: 

0.11 

Mn: 

0,80 

P: 

0.005 

S: 

0.007 

Si: 

0.30 

Ni: 

4.89 

Cr: 

0.52 

Mo: 

0.49 

V: 

0.054 

Ti: 

0.002 

Cu: 

0.06 

max 
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TABLE  I 
(cont ' d) 


Heat  treatment: 

1525 °E  -  4y  min 

U60°E  -  39  min 

Tensile  Strength: 

15C, 800-150, 800  psi 

Yield  Strength: 

144, 500-142,900  psi 

Elongation: 

16.%  -  17.0$ 

Reduction  in  Area: 

63.2 $  -  95 .0$ 

Titanium  6A1-4V 

Designation : 

Tliiekness : 

1/8  in. 

and  1/4  in. 

Composition: 

Al: 

5,500-6,750 

V: 

3 , 500-4 , 500 

I'c : 

0.30  max 

C: 

0.10  max 

N: 

0.07  max 

H: 

0.015  max 

0: 

0.20  max 

Other : 

0,40  max 

Tensile  Strength: 

130,000  psi 

Yield  Strength: 

IS 0,000 

psi 

Elongation: 

8,0/ 

12 


Mj?U5or-6 


TABLE  I 
(cont'd) 

HY-l80  Steel 


Designation: 

lit. 

No.  3811301 

Thickness : 

l/l6  in. 

Composition: 

C: 

0.18 

Mn 

0.23 

P: 

0.010 

S: 

0.006 

Si 

0.050 

Cu 

0.15 

Ni 

9.29 

Cr 

0.80 

Mo 

O.96 

V: 

0.09 

Co:  1.55 

«  4  1  a  ClMAM'flli  4 

w  l>i  un  . 

1  ofY  fi  r\r\ 

Yield  Strength: 

183,600  psi 

Elongation: 

105J 

Hi rdness: 

Rc 

36 
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TABLE  II 


LASER  WELDING  TEST  PARAMETERS 


Bead-on-Tlatc  Penetrations 


Test  No. 

Material 

Laser 

Tower  (kW ) 

Speed  (ipm) 

Comment 

C0313-1 

IIY-I80 

5 

180 

It 

it 

160 

-3 

ft 

ft 

140 

-4 

ft 

tl 

120 

-5 

HY-130 

It 

60 

Incomplete 

-6 

ft 

It 

50 

penetration 

-7 

ft 

ft 

40 

-8 

ft 

It 

30 

Nonunifor.n 

-9 

Ti-6Al-4V(f)* 

It 

50 

-10 

11  4 

ft 

GO 

-11 

ft 

It 

70 

-ip 

It 

It 

40 

-13 

Ti-<$A1-4V  (rr) 

ft  ^ 

It 

oO 

-1)4 

It 

100 

-1!) 

It 

It 

IPO 

-16 

ft 

II 

l4o 

-17 

9456  A1 

It 

140 

-18 

ft 

II 

IPO 

-19 

ft 

It 

120 

Change  in  shield 

-20 

ft 

It 

120 

gas  flew 

00314-1 

94^6  Al 

It 

120 

Variation  in 

-2 

tl 

tt 

shielding 

It 

-3 

tl 

tt 

It 

It 

-4 

Tl 

It 

tt 

It 

-5 

fl 

It 

It 

ft 

-6 

f  1 

If 

It 

It 

-7 

ft 

It 

ft 

-8 

tl 

II 

i4o 

-9 

5456-A1 

9.7 

180 

-10 

ft 

If 

160 

-11 

tl 

If 

i4o 

-12 

HY-180 

3.5 

100 

* 
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Tost  No. 

Material 

TABLE  II 
(cont'd) 

Laser 

Power  (kW ) 

Speed  (ipm) 

Comment 

C031U-13 

hy-iSo 

3-5 

120 

No  shield  gas 

-14 

It 

It 

120 

-15 

tt 

It 

340 

-16 

ft 

It 

1C0 

-17 

mr-130 

tt 

4o 

-16 

tt 

It 

30 

-19 

tf 

If 

25 

-20 

t! 

It 

20 

Shield  moved 

C0315-1 

Ti-6A1-4V(J) 

3.5 

80 

"c. 

It  O 

It 

100 

-3 

It 

ft 

60 

-4 

It 

If 

4o 

-5 

ti-6ai-4v(J) 

ft 

40 

-6 

ft  ^ 

If 

30 

_  7 

it 

tt 

20 

-8 

it 

If 

25 

C0316-1 

hy-180 

2.C 

50 

-2 

it 

It 

60 

-3 

It 

It 

40 

-4 

It 

It 

30 

-5 

Ti-6Al-4V(iO 

It  ® 

It 

20 

Deep  penetration 

-6 

It 

25 

Mode  breakdown? 

-0 

It 

If 

40 

CO525-I 

HY-130 

8.0 

70 

3'\lL1  penetration 

-2 

T1-6A1-4V(J) 

it 

70 

It 

-3 

5456  Al4 

n 

180 

It 

-4 

Ti-6A1-4V(|) 

it 

130 

Good  head 

characteristics 


■"Titanium  alloy  head-on-plate  specimens  were  stress-relieved  at  1000°F  for 
2  hours  in  air.  Weld  heads  in  the  other  materials  are  in  the  "as-welded" 
condition. 
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TABID  Ill 

LASER  WELDING  TEST  PARAMETERS 
Demonstration  Welds 


Material 

Thickness 

(in.) 

Weld 

Type 

Laser 

Power  (kW) 

Weld 

Speed  (ipm) 

No.  of 

Tieccs 

Ref.  Fig 

HY-130  Steel 

1/14 

Butt 

5.5 

50 

3 

8 

KY-l80  Steel 

1/16 

Butt 

5.5 

160 

2 

9 

HY-180  Steel 

1/16 

Lap 

5.5 

140 

1 

10 

Ti-6Al-tV 

I/! 

Butt 

5.5 

50 

2 

11 

Ti-bAl-iiV 

1/8 

Butt 

5.5 

100 

r ' 

£ 

IS 

9Ji5b  A1 

1/8 

Butt 

5.5 

100 

n 

L  . 

13 

Note:  Titanium  alloy  specimens  were  stress-relieved  at  1000°F  for  two  hours  in 

vacuum;  the  other  specimens  were  in  the  as -welded  condition.  All  specimens 
were  welded  with  argon  shielding. 
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kW  LASER  INSTALLATION 


POWER  LASER  INSTALLATION 


MS1 1602-6 


PLAN  VIEW  OF  DEEP  PENETRATION  WELDING  APPARATUS 
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fig.  8 


BUTT  WELD  SAMPLE 


WELD  4EAC  CHARACTERISTICS 


X-RAY  CHARACTERISTICS 


24< 


M911502-6 


FIG.  12 


BUTTWELD  SAMPLE 


WELD  BEAD  CHARACTERISTICS 
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BUTT  WELD  SAMPLE 


WELD  BEAD  CHARACTERISTICS 


X-RAY  CHARACTERISTICS 


